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We experimentally study the absorption spectroscopy from a collection of gaseous 87 Rb atoms at
room temperature irradiated with three fields. Two of these fields are in a pump probe saturation
absorption configuration. The third field co-propagates with the pump field. The three fields address
Zeeman degenerate transitions between hyperfine levels 5S1/2, F = 1 and 5P3/2, F = 0,F = 1 around
the D2 line. We find a sub-natural absorption resonance in the counter-propagating probe field for
equal detunings of all the three fields. The novel feature of this absorption is its abrupt onset in
the vicinity of 5P3/2, F = 0, as the laser frequency is scanned from 5P3/2, F = 0 to 5P3/2, F = 1.
The experimental results are compared with the theory modeled after a four level system. There is
a qualitative agreement between our theory and experiment. We find the threshold absorption to
be a result of the off-resonant interaction of the strong field with nearby hyperfine levels.
PACS numbers: 32.80.Qk, 42.50.Gy,
I. INTRODUCTION
The absorption spectrum of a driven degenerate two
level system (DTLS) is shown [1] to be radically dif-
ferent from the usual Mollow triplet corresponding to a
pure two level system. The atomic coherence induced by
multi-photon interactions in DTLS results in a competi-
tion between constructive or destructive quantum inter-
ference which gives rise to subnatural width resonances
(SNWR) [2]. The resonance could manifest as induced
absorption (EIA), transperency (EIT), or even gain, de-
pending on the polarization, intensity and detunings of
the driving fields. The line shapes are further influenced
on whether the system is closed (cyclic) or open [5], ve-
locity selection [7], and the presence of small polariza-
tion admixtures [6]. Akulshin et al., [3] have extensively
studied DTLS involving various ground state and excited
state hyperfine levels both theoretically and experimen-
tally. They arrive at a criteria [4] for the occurence of
EIA in DTLS, namely (i) Fe = Fg + 1, (ii) the ground
to excited state transition is closed and (iii) Fg > 0.
The occurence of EIA has been attributed to the trans-
fer of coherence from excited state to the ground state
[8] and also to the transfer of population [9]. Inhibition
of EIA due to excited state decoherence has also been re-
ported experimentally [10]. Most of these studies involve
the interaction of DTLS with two driving fields. Multiple
driving fields interacting with DTLS has been reported
in the context of coherent hole burning [11] where the
same transition is adressed by a saturating beam and a
probe.
In this paper we experimentally study the occurence of
sub-natural absorption resonances in the counter probe
during a three field irradiation of gaseous, room temper-
ature 87Rb. atoms. These three fields address Zeeman
∗Electronic address: andal@rri.res.in
degenerate transitions in a DTLS configuration. These
resonances arise as a result of dark resonances created by
the co-propagating fields, inducing a higher order, off-
resonant absorption to neighbouring hyperfine levels in
the counter field. Since the intensity regime of the probe
in which the absorption is seen is well below saturation,
we do not expect coherent population oscillations [12]
to affect the absorption line shape [7]. The absorption
is studied as a function of detunings of the three driv-
ing fields. We find, as a function of this detuning, the
existence of a sharp thresold where the absorption be-
gins to show up. We compare our experimental results
with a theoretical model comprising of a modified ’N’ sys-
tem which has contributions from a double lamda system
and double ’V’ system depending on the detunings of the
laser beams. The modeling reproduces the threshold be-
haviour very clearly.
II. EXPERIMENT
A. Level Structure
The hyperfine levels around the D2 line of 87Rb. is
shown in Figure 1(a). Figure 1(b) shows the Zeeman
sub-levels of F = 1 ground hyperfine state and that of
excited hyperfine states F = 0′, 1′ [23] relevant for the
experiment described here.
B. Experimental setup
Three beams L1, L2 and L3, derived from a single laser
irradiate a room temperature sample of 87Rb. atoms.
The laser is an External Cavity Diode Laser (ECDL)
with a line width typically around 1 MHz operating
around the D2 line at 780 nm. The laser frequency
is scanned around the hyperfine manifold starting from
ground state 5S1/2, F = 1 to excited states 5P3/2, F = 0
′
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FIG. 2: Schematic of the experimental setup.
and 5P3/2, F = 1
′. The laser frequency is monitored
through a saturation absorption setup as indicated in
Figure 2. A phase sensitive feed back mechanism is em-
ployed to lock the frequency of the laser to any one of
the excited states. As shown in Figure 2, L1 and L2 are
collinear and co-propagating and L3 counter-propagates
to both L1 and L2. L1 is typically of higher intensity
than L2 with intensity ranging between 1 Is and 5 Is
where Is is the saturation intensity for the transition
5S1/2, F = 1 and 5P3/2, F = 0
′. L2 has intensity in
the range of 0.1 Is to 0.5 Is. L3 has the least inten-
sity ranging between 0.1 Is and 0.01 Is. All the three
beams being derived from a single laser have the same
laser frequency ωL. At any given ωL, the L2 beam can
be ramped over a frequency range of ±10 MHz around
ωL, by a combination of two Acousto-Optic-Modulators
(AOMs in Figure 2). Thus for a given detuning δ10, mea-
sured from 5P3/2, F = 0
′ level, the L2 beam, through the
AOMs can scan a width of ±10MHz about δ10. The ex-
periment consists of recording the transmitted intensities
of all three beams using fast photodiodes. The transmit-
ted intensities show two kind of variations.One of these
is due to changing ωL. These variations mimic the stan-
dard saturation absorption variations in the transmission
of counter-propagating L3 probe, for appropriate inten-
sity ratios of L1 and L3. But because of the presence of
L2 co-propagating with L1, at every ωL, the condition
for a two-photon Raman resonance is satisfied between
L1 and L2. The results in transmission changes in L2
and L3 which are very different from a standard satura-
tion experiment.In fact, during the ±10MHz frequency
scan of L2 centered at ωL, we see enhanced transmission
of L2 due to EIT as expected. As the AOM scan rate is
faster than the scan of laser frequency ωL, the spectral
features are dominated by features during the faster fre-
quency scan in the narrow bandwidth centered around
δ10. The slower scan of the laser frequency ωL results in
a varying background.
The L1 and L2 beams are orthogonally polarized with
the quantization axis as the direction of propagation and
the L3 beam is polarized similar to the L1 beam. The
vapor cell containing gaseous Rubidium atoms in their
natural isotopic abundance, is covered with three layers
of µ metal shield. The residual field is in the range of 10
to 20 milligauss inside the cell.
C. Level structure for multi-photon transitions
The three laser beams L1, L2 and L3 can drive Zeeman
degenerate transitions as shown in Figure 3. Figure
3(a) shows transitions between the Zeeman sublevels of
5S1/2, F = 1 and 5P3/2, F = 0
′. The laser beams L1
(shown thick) and L2 which are oppositely circularly
polarized form a Λ system with the magnetic hyperfine
levels mF = ±1 of ground state F = 1 and the excited
state level F = 0′. The beam L3 is counter propagating
to L1 and L2 and hence there is a frequency offset in
the atomic rest frame due to the thermal motion. L3
connects the same set of levels as L1, shown here in
dotted lines. Figure 3(b) show transitions between the
Zeeman sublevels of 5S1/2, F = 1 and 5P3/2, F = 1
′.
For oppositely circularly polarized L1 and L2 this gives
rise to a Λ and a ’V’ configuration for EIT. Even here
because the L3 beam (shown in dotted lines) is counter
to L1 and L2, it does not take part in the transparency
effect.
Because of the presence of several velocity classes of
atoms at room temperature, even when the laser is ad-
dressing resonantly the transition shown in Figure 3(a),
it is off-resonantly addressing transitions in the F = 1′
manifold and vice-versa. This effect is most prominent
for the L1 laser which has a higher intensity than L2 and
L3. So a realistic picture of possible laser transitions is
shown in Figure 3 (c). Here the dot-dash line indicates
the transitions addressed by L1 laser off-resonantly.
III. RESULTS AND DISCUSSION
Figure 4 shows the typical transmitted intensities of
L1 and L3 beams for various detunings δ10. As stated
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FIG. 3: Thick line denotes L1 laser. Dotted line denotes
L3 laser. Dot-Dash line denotes off-resonant transitions of
L1 laser. L2 is denoted by an ordinary line. (a) Zeeman
transitions between F = 1 and F = 0′. (b) Zeeman transitions
between F = 1 and F = 1′. (c) Off-resonant transitions of the
L1 laser when it is addressing F = 1 to F = 0′ transition. (d)
N system with resonant and off-resonant transitions.
before, L1, L2 and L3 beams have the same detuning
δ10 as they are derived from the same laser. The L2
beam scans, at every detuning δ10, a frequency range of
±10MHz centered around δ10. Trace B of Figure 4(a)
shows the ramp voltage scan applied to the AOMs in the
path of L2 resulting in a frequency scan of a ±10 MHz of
L2, centered around a given δ10. On either side of these
AOM frequency scans are shown Traces A and C. Traces
A and C show the transmitted intensity profiles of L2 and
L3 respectively, during the scan of L2 centered around a
given value of δ10. As can be seen from trace A, L2 shows
increased transmission over the background, whenever L1
and the scanned L2 are at the same detuning, satisfying
the two photon resonance condition for EIT. The EIT
window is typically of 1 - 2 MHz width. On the other
hand, the transmitted intensity of L3 given in Trace C
shows a sharp absorption resonance, at the very position
at which L2 shows EIT transmission resonances. The
width of this absorption is sub-natural ranging between
300 KHz to 800 KHz. The graph of Trace C has been am-
plified 6 times for clear representation in this combined
graph. Since this absorption in L3 occurs whenever the
co-propagating L1 and L2 satisfy the two-photon EIT
condition, it implies a higher order absorption mecha-
nism for L3 absorption. In fact, a related three-photon
absorption was seen by us in an N level scheme [13] for
similar geometry of beams. The novelty of such a feature
here, for Zeeman degenerate transitions, is its abrupt on-
set [14] as is shown in Figure 5.
Shown in Figure 5 are Traces A and C from the same
experimental run as it is for Figure 4 but in a different
region of δ10 around F = 0
′. As can be seen from this
graph, while Trace A remains qualitatively unchanged
even in this region, Trace C shows abrupt dissappearence
25 30 35
0.29
0.295
0.3
0.305
0.31
0.315
0.32
0.325
0.33
δ10 in MHz
Tr
an
sm
is
si
on
 o
f L
2,
L3
 a
nd
 A
O
M
 s
ca
n 
vo
lta
ge
Trace C
Trace B
Trace A
FIG. 4: Trace B denotes the ramp voltage going to the AOM
of the L2 beam resulting in a frequency scan of ±10MHz
around a given δ10. Trace A denotes L2 transmission showing
increased transmission whenever the two co-propagating L1
and the scanned L2 meet the two-photon resonance condition
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FIG. 5: Traces A and C of Figure 4 shown in a region of
δ10 around 12 MHz showing abrupt onset of L3 absorption
resonance
of the absorption feature below δ10 < 12 MHz marked
by the vertical line in the figure. For all values of δ10
below this value, there is no narrow absorption seen in
Trace C. The background absorption of L3 in this region
show changes which is not correlated with the appearence
of EIT feature in the L2 field (Trace A). We have esti-
mated for this graph that the narrow absorption diss-
appers within a 5 MHz change of δ10 to the left of the
vertical line. Conversly, we can say that the nonlinear
absorption in L3 has an abrupt onset around δ10 = 12
MHz.
For the sake of clarity we have shown in Figures 6(a)
and 6(b), the entire region of δ10 values extending upto
-35 MHz. The narrow absorption feature in L3 (Trace
C) is totally absent in this region. Only beyond the ver-
tical line do we see the onset of this absorption. On the
contrary Trace A,of this figure, representing L2 transmis-
sion, continues to show the EIT feature for all values of
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FIG. 6: (a) Absence of L3 absorption resonance to the left
of the vertical line (Trace C) for values extending upto δ10=
−35MHz. (b) Presence of L3 absorption resonance (Trace C)
beyond the vertical line for δ10 = 35 MHz. Trace A in both
the figures represents L2 beam transmission showing EIT for
all values.
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FIG. 7: Contrast of L3 absorption resonance showing a sharp
threshold around δ10 = 12MHz.
δ10. Figure 6(b) shows that the narrow absorption fea-
ture in Trace C continuing for positive δ10 atleast upto
35 MHz.
We have repeated the experiment with various in-
tensities of the L2 field keeping the L3 intensity to be
the same. Every time we see that there is an abrupt on-
set of EIT correlated absorption in L3 occuring in the
vicinity of δ10. The value of δ10 at which this occurs is
not strongly dependent on the intensity of the L1 beam.
However, the width of the absorption feature and the EIT
transmission feature increase at higher intensities of L2
as expected. Plotted in Figure 7 is a typical absorption
contrast of the narrow absorption in L3 as a function of
δ10. We see in this figure that the absorption rises to its
maximum value in a narrow range of δ10.
A. Numerical Modeling
As seen from Figure 4, for intensities of L2 and L3
beams well within Is, the absorption feature in L3 oc-
curs only to the blue of F = 0′. To understand this
effect we tried to model our system as a four level system
with two ground levels as mF = ±1 ground state Zee-
man sub-levels of 5S1/2, F = 1 and two excited levels be-
ing the hyperfine levels 5P3/2, F = 0
′ and 5P3/2, F = 1
′.
The Hamiltonian consists of all the various transitions as
depicted in Figure 3(d). The counter-propagating weak
beam is treated perturbatively retaining terms upto first
order in perturbation. This is done explicitly to seper-
ate the contribution to the density matrix elements from
the forward L1 and counter L3 beams which address the
same set of transitions. More importantly, off-resonant
transitions are taken into account for the strong L1 beam.
We divide the total Hamiltonian into two parts.
H = H0 +∆H (1)
Where H0 is the Hamiltonian describing the four-level
system interacting with the L1 and L2 fields. ∆H has
L3 interaction terms only. The Liouville equation for the
total Hamiltonian has the form
d(ρ+∆ρ)
dt
= −
i
~
[H0+∆H, ρ+∆ρ]−
1
2
{Γ, ρ+∆ρ} (2)
Neglecting terms which are second order in ∆ρ and ∆H ,
the abo ve equation becomes,
d(ρ+∆ρ)
dt
= −
i
~
[H0, ρ]−
i
~
[H0,∆ρ]−
i
~
[∆H, ρ]−
1
2
{Γ, ρ+∆ρ}
(3)
We know that for the unperturbed system the equation
d(ρ)
dt
= −
i
~
[H0, ρ]−
1
2
{Γ, ρ} (4)
is satisfied. We proceed to find numerical solution for
steady state values of ρ solving fifteen coupled equations
with the constraint
∑
i
ρii = 1 (5)
We now solve the equation for ∆ρ
d(∆ρ)
dt
= −
i
~
[H0,∆ρ]−
i
~
[∆H, ρ]−
1
2
{Γ,∆ρ} (6)
where the ρ values are given as inputs from the solution
obtained by solvin g (4). Imposing the constraint,
∑
i
∆ρii = 0 (7)
we get 15 coupled equations for ∆ρ which are numeri-
cally solved to obtain steady state density matrix values
for the weak counter-propagating L3 field.
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FIG. 8: Transmission of L2 and L3 for experimental parame-
ters values as depicted in Figure 5. (a) Normalized transmis-
sion of L2 beam. (b) Normalized transmission of L3 beam
Figure 8 shows the result of our calculations. In Fig-
ure 8(a) we give the normalised transmission of the co-
propagating scanned L2 beam. As expected, for all de-
tunings δ10 this shows transparency as is the case with
our experimental result shown in Trace A of Figure 5.
The transmission of the L3 beam is shown in 8(b). This
shows gain for values of δ10 <= 0, and absorption for
values of δ10 > 0. This should be compared with the
experimental curve for L3 transmission (Trace C) of Fig-
ure 5. While we do see absorption for values of δ10 > 0,
for values of δ10 < 0, we do not see the theoretically
predicted gain (Figure 8(b)) in our experimental curve
(Trace C of Figure 5). We think that this could be due
to the presence of a non-vanishing pi component in our
counter L3 beam.
B. Threshold non-linear resonances with
off-resonant interactions
It is well known that for a pure Λ or a double Λ system,
in the absence of any perturbing mechanism introducing
light shifts to a dark state, the system exhibits no higher
order non-linearity [15]. In our system, this perturbation
is introduced by the off-resonant transitions addressed by
the strong L1 laser. This laser makes the transition prob-
ability for transitions of suitable velocity class of atoms,
to the F = 1′, non-negiligible. Our system, due to this off-
resonant interaction, can be seen as modified N system as
shown in Figure 3(d). So, for a suitable velocity class of
atoms, there is a suppression of linear susceptibility due
to EIT and a simultaneous enhancement of absorption
due to higher order nonlinearity to the nearby hyperfine
level. This absorption due to higher order non-linearity,
is distinctly seen in L3 beam due to its counter geometry.
In effect, this feature is very similar to the higher order
non-linear absorption seen in N systems with subnatural
widths [16, 17, 18]. The difference in the present case is
its strong dependence on the detuning.
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FIG. 9: Theoretical transmissions of L2 and L3 beams for
experimental parameters values as depicted in Figure 5 when
off-resonant contribution due to L1 laser is made zero. (a)
Normalized transmission of L2 beam. (b) Normalized trans-
mission of L3 beam
It is well known that the DTLS systems show gain [1]
in some intensity regime. According to the theoretical
model, since our laser addresses a DTLS there is gain
due to the contribution from the double lambda part. In
addition, there is also nonlinear absorption due to off-
resonant interaction which is dominant. The gain be-
comes negligible as the laser goes beyond δ10 = 0
′. (Fig-
ure 8(b)). This results in absorption of L3 beam to be
seen prominently, only for values of δ01 >= 0
′.
We realised from our theoretical simulations that the
main reason for the threshold absorption is the off-
resonant addressing of F=1′ level by our strong L1 beam.
When we make this off-resonant contribution to be zero,
then we see that both L2 and L3 transmission show in-
creased transmission for all δ0, with similar widths. This
is shown in Figure 9.
Both the double Λ and Tripod systems have shown
to have many properties [19, 20, 21] which aid specific
quantum engineering of superposition states [22]. Our
system which is a modified double Λ system exhibits a
threshold non-linear absorption of sub-natural width at
the same frequency where transparency is seen due to
ground state Zeeman coherence. The seperation of ab-
sorptive and transmittive features in L2 and L3 beams is
achieved by geometry of beam propagation. Such a fea-
ture is desirable from the view point of monitoring the
fidelity of the dark states. Passive monitoring of counter
propagating probe should reveal the nature of CPT co-
herence in the forward beams. Also, by using the real
part of the non-linear susceptibility, one can design phase
gates which work only in a specific bandwidth. In this
sense, the threshold phenomenon seen here can be used
as a frequency filter.
6IV. CONCLUSIONS
We report in this paper an experimental observation of
a sub-natural absorption feature in a modified N system
around Zeeman degenerate transitions in the D2 man-
ifold of 87Rb. This feature is seen when the gaseous
Rb. atoms are irradiated with three fields all derived
from the same laser. The novelty of this absorption res-
onance is its abrupt onset beyond a certain detuning of
the laser. We show that this absorption feature in one of
the beams, arises due to off-resonant absorption to the
neighbouring hyperfine excited states through a higher
order absorptive non-linearity. We have modeled our sys-
tem using density matrix formalism. This shows that the
threshold nature of this absorption is due to a competi-
tion between gain present in such DTLS and off-resonant
coherence induced absorption. This feature and its dis-
tinct appearence in only one of the three fields provides
a powerful tool for frequency filtering in wave guides.
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